The structure of the electronically excited states of 3 He and 4 He clusters is investigated using fluorescence excitation spectroscopy. Distinct bands are observed energetically close to atomic 1s-ns, nd, np transitions and attributed to perturbed excited He atomiclike states with different principle and orbital quantum numbers. The line shifts and widths of the bands of 3 He and 4 He clusters of the same size are different and correlate with the average particle density inside the clusters calculated using the density functional method. DOI: 10.1103/PhysRevLett.87.153403 PACS numbers: 36.20.Kd, 71.35. -y, 73.22. -f, 78.40.Dw Liquid 3 He and 4 He clusters are known to exhibit many fascinating properties such as superfluidity of 4 He clusters [1] or a strongly isotope dependent density. Because of the simple closed-shell-electronic structure of He atoms these extraordinary clusters are also interesting systems to investigate how the electronically excited states evolve from the atom to the bulk.
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3 He and 4 He clusters are known to exhibit many fascinating properties such as superfluidity of 4 He clusters [1] or a strongly isotope dependent density. Because of the simple closed-shell-electronic structure of He atoms these extraordinary clusters are also interesting systems to investigate how the electronically excited states evolve from the atom to the bulk.
Unfortunately, for 4 He clusters and bulk liquid 4 He our knowledge about the excited levels and the optical properties is fairly limited. Only some experimental and theoretical studies have been performed [2] [3] [4] . In the case of 3 He comparable investigations do not exist. Usually, in solid or liquid systems isotopic substitution does not have much effect on the optical spectra. However, in He the situation is expected to be different. The density of liquid 3 He is 25% smaller than that of liquid 4 He and according to theoretical work [3, 5] it is therefore expected that this will have a considerable effect on the optical absorption. Moreover, in the unique case of He, clusters of different size have also different average particle densities. Surface atoms of He clusters are very loosely bound and have relatively large internuclear separations compared to the bulk. Small He clusters which contain mainly surface atoms have therefore a significantly lower average density. Therefore, with control over the cluster size and the isotopic composition one has two independent parameters to explore the effect of the density on the excited levels. Our study compares the fluorescence excitation spectra of 3 He and 4 He clusters as a function of both the cluster size and the isotopic composition. Moreover, we report the first fluorescence spectra of 3 He and 4 He clusters in the visible and near infrared range (VIS/IR) which are very sensitive to features at higher energies.
Photoexcited He clusters emit an intense spectrum in the vacuum-ultraviolet (VUV) region due to transitions to the ground state. To a good approximation, the VUV fluorescence yield is proportional to the photoabsorption, because nonradiative decay to the ground state is inefficient in rare gas clusters [6] . He clusters also emit luminescence in the VIS/IR [7] . This luminescence is due to transitions between electronically excited states of He atoms and molecules formed inside He clusters after photoexcitation.
The experimental setup is described in detail elsewhere [4, 6, 7] . It has been modified to allow the production of 3 He clusters with simultaneous detection of luminescence in the VIS/IR and VUV regions. Briefly, He clusters are produced by expanding He gas at a pressure of 40 bars for 4 He and 7 bars for 3 He, respectively, through a nozzle with 5 mm diameter at temperatures between 7 and 32 K into the vacuum. For producing 3 He clusters the expensive gas is continuously recycled. The cluster size is determined by a comparison with results from a crossed beam scattering experiment for which similar expansion conditions have been used [8, 9] . Although the production technique of 3 He clusters is in principle not different from 4 He, the size of clusters produced under similar conditions differs noticeably [9, 10] . Since the 3 He dimer is unstable the production of small 3 He clusters (N , 1000) seems to be impossible by expansion from the gas phase.
One to two mm downstream from the nozzle the clusters cross the beam of monochromatized synchrotron radiation. The photon energy is varied between 20 -25 eV at a resolution of 0.5 Å which corresponds to ϳ20 meV on average. The VUV fluorescence yield of the clusters is measured using a photomultiplier (Valvo, XP2020) covered with sodium salicylate to convert the VUV photons into the visible spectral range (sensitivity range: ϳ30 300 nm). In order to detect the VIS/IR luminescence a Peltier cooled photomultiplier (Hamamatsu, R943) has been installed (sensitivity range: ϳ300 850 nm).
The VUV luminescence yield proportional to the photoabsorption of 3 He and 4 He clusters with an average size of 10 4 atoms is displayed in Fig. 1(a) . The VIS/IRluminescence yield shown in Fig. 1(b) , below, will be discussed in detail later. In the VUV fluorescence yield spectra of 3 He and 4 He clusters two prominent bands, labeled A and B, are observed. Although the shape of these bands is similar they have different peak energies and widths. For 3 He both the maximum energy and the widths of bands A and B are smaller than for 4 He clusters (see Table I ). In addition, the intensity ratio between bands A and B is considerably larger for 4 He than for 3 He clusters. Bands similar to our bands A and B were observed in early studies of the VUV reflection of bulk liquid 4 He [2] , the VUV absorption [11] , and electron-energy-loss spectroscopy of 4 He bubbles enclosed in metal films [12 -14] . The features can best be understood in the framework of perturbed atomic states. Molecular potential curves of He 2 [15] can serve as a guideline for the interpretation because the internuclear separation in liquid He clusters is rather large as a result of the low particle density. This means that all molecular transitions are blueshifted with respect to the corresponding atomic dissociation limits as the excited state potential curves are repulsive at large internuclear separation [15, 16] . Moreover, transitions which are dipole forbidden for the atom become allowed in the molecule [17] . Accordingly, bands A and B are assigned to the In order to investigate independently the effect of the density and the cluster size it is useful to compare the photoabsorption spectra of 3 He and 4 He clusters having the same average particle density, but a different size.
To find a suitable pair of clusters, distribution functions of the density r along the cluster radius r (density profiles) and the Wigner-Seitz radius r 0 (the associated hard sphere radius) of 3 He and 4 He clusters have been calculated using the density functional method [18] . In the case of small clusters, for which ab initio Monte Carlo simulations are also available, the density profiles r͑r͒ obtained with density functionals have proven to be rather accurate. The method has the advantage of being easily applicable to large clusters [19, 20] . The distribution function dN ͑r 0 ͒͞dr of the Wigner-Seitz (WS) radius r 0 is connected with the density profiles via the relations r 0 ͓3͞4pr͑r͔͒ ͑1͞3͒ and dN r͑r͒4pr 2 dr. The quantity dN͑r 0 ͒͞dr represents the number of atoms in the cluster with a distinct (WS) radius r 0 or internuclear separation, respectively. The average WS radius r av or average density, respectively, is obtained by averaging over the dN ͑r 0 ͒͞dr distribution function. As a result it is found that a 4 He cluster having an almost identical arithmetic average Wigner-Seitz radius r 0 as an N 10 000 3 He cluster would have a size of 300 atoms. Figure 2 shows the density profiles calculated using the density functional method and the corresponding Wigner-Seitz radii distribution functions of these particular clusters. The profiles show that the density drops smoothly towards zero at the cluster surface. Correspondingly, r 0 is distributed over a broad range, which reflects that many atoms are loosely bound and located at surface sites. The features of the N 10 000 3 He and N 300 4 He clusters in the spectral region of the 2p 1 P √ 1s 1 S transition (band B) are shown in Fig. 3 . Band B of the N 300 4 He clusters is strongly asymmetric and shows a sharp line at the energy of the 2p 1 P atomic level. This line at 21.2 eV is most likely associated with atoms in the outermost surface region of the relatively small clusters. For these atoms the perturbation is too small to lead to significant broadening with respect to the limited spectral resolution. The strong asymmetry of band B of the small 4 He clusters is certainly due to the broader distribution of the density and the WS radius in small clusters. However, the shift from the line at 21.2 eV to the baricenter ("center of mass") is almost identical for both clusters (see Fig. 3 ). This indicates that the average shift is correlated with the average Wigner-Seitz radius. We note that band A is barely observable for the N 300 4 He clusters, which is in accordance with the transition moment being lower due to the larger internuclear separation than in N 10 000 4 He clusters. Above $23 eV the differences in the excitation spectrum between the 10 000-atom-large 3 He and 4 He clusters become larger (Fig. 1) . Sharp lines at the energies of the atomic n-p levels are observed. In the case of 3 He the lines do not appear to overlap as strongly as for 4 He. More important differences show up in the VIS/IR yield spectrum in Fig. 1(b) . While the shape of the absorption spectrum shows only a broad feature between the energies of He clusters with a similar average particle density. The energetic position is nearly identical for both clusters. the atomic 3 1 P (23.09 eV) and 4 1 P (23.74 eV) state, the spectrum of the VIS/IR yield shows three discrete bands (Fig. 4) . These bands are attributed to perturbed atomic singlet states according to the energetic position of the free atom 3s, 3d, and 3p states [21] . If our assignment is correct, it is expected that the energetic position of the 3p band depends on the average Wigner-Seitz radius, similar to the 2p features. Figure 4 shows VIS/IR excitation spectra for different cluster sizes and isotopic composition, which in turn correspond to different Wigner-Seitz radii. The 3p related band is indicated by an arrow. Interestingly, the position of the maximum and the shift with regard to the atomic 3p 1 P level increases with the cluster size. This is in striking contrast to the findings for heavy rare gas clusters, where the transition energy decreases with cluster size [22] . Results for 4 He clusters which have an average WS radius larger than 2.44 Å are not shown because in this case the 3s and 3d bands become weak and the three bands merge to a single feature. The dependence of the 3p energy shift on the average WS radius calculated for each cluster size is illustrated in Fig. 5 the proposed connection between the 3p shift and the WS radius. Our findings for the 2p and 3p excited states suggest that the energies of the electronically excited states of He clusters depend on the density and the molecular interaction potential. This is typical of a dense gas of He atoms [16] . The energetic shift of the 3p state is larger than for the 2p state [15, 16] . This is somewhat unexpected, since the repulsive part of the potential curve connected with the 2p state atoms is steeper than that of the 3p state [15] . On the other hand, a strong perturbation and a large spectral shift is reasonable taking into account that the size of the excited electron orbital is comparable to the internuclear separation in the cluster.
In conclusion we have recorded VUV fluorescence excitation spectra of 3 He clusters and the VIS/IR fluorescence yields of 3 He and 4 He clusters for the first time. The observed features strongly depend on the isotopic constitution. From the observation of distinct maxima in the VIS/IR excitation spectra the features could be assigned to perturbed atomiclike features with well-defined principle and orbital quantum numbers. The transition energies are blueshifted with respect to the free atom levels due to the repulsive interaction between electronically excited He atoms and ground state neighbors. In contrast to heavy rare gas clusters the shift becomes larger with increasing cluster size. The transition energies and the bandwidths indicate that the strength of perturbation is mainly controlled by the particle density. A correlation of the 2p and the 3p energy shift with the average particle density is observed.
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